. Removal or alteration of these Sers generates a photoreceptor that increases the sensitivity of transgenic seedlings to red and FR light more than intact phyA. Taken together, these data identify three distinct regions in the N-terminal domain necessary for photoreceptor activity, and further define the Ser-rich region as an important site for phyA regulation.
Phytochromes are initially synthesized as the biologically inactive Pr form and are converted to the active Pfr form only by irradiation with light (Smith, 1995) . Although well studied both biochemically and genetically, the mechanism(s) of action of the phytochromes is still unknown.
phyA, the most abundant type of phytochrome in etiolated seedlings, is also the best characterized. Analysis of genetic phyA mutants and transgenic plants overexpressing phyA showed that this photoreceptor is most active in FR light-enriched environments, such as under a leaf canopy or the soil surface (Parks and Quail, 1993; Cherry and Vierstra, 1994; Smith, 1995) . Under these conditions, phyA is predominantly in the stable Pr form (t1,* >100 h). Upon photoconversion of Pr to Pfr by exposure to R lightenriched environments, the levels of phyA drop dramatically because Pfr represes PHYA transcription and is rapidly degraded (t1,2 = 0.5-1 h; Vierstra, 1994) .
One domain of particular importance for both the structure and function of phyA includes the N-terminal 70 amino acids (the 6-kD domain). Previous work with the purified photoreceptor showed that the 6-kD domain is required for correct chromophore! apoprotein interactions and undergoes a substantial conformational change upon photoconversion of Pr to Pfr (Hahn et al., 1984; . Its role in phyA activity was studied by characterizing the effects of ectopically expressing N-terminaldeletion and site-directed mutants in transgenic plants. These investigations demonstrated that the 6-kD domain is necessary for phyA activity, but potentially in different ways. Cherry et al. (1992) showed that an N-terminal deletion mutant of oat (Avena sativa) phyA lacking amino acids 7 through 69 (deletion NA, A7-69) is inactive in transgenic tobacco (Nicotiana tabacum). Whereas ectopic expression of full-length oat phyA induced a "light-exaggerated" phenotype characterized in part by decreased internode/ hypocotyl length (Keller et al., 1989; Cherry et al., 1991; Nagatani et al., 1991) , deletion NA did not elicit this phenotype, despite its accumulation of similar levels of phyA. Subsequently, Boylan et al. (1994) found that Arabidopsis seedlings expressing an oat phyA deletion mutant lacking amino acids 1 to 52 (AN52) were taller than wild-type Plant Physiol. Vol. 115, 1997 tobacco seedlings under continuous FR light, suggesting that the AN52 mutant had a dominant negative effect. Stockhaus et al. (1992) showed that tobacco seedlings expressing rice phyA mutant S/A, which contained Ala in place of a11 10 Ser near the N terminus, were more sensitive to R light than seedlings expressing equivalent levels of intact phyA. This latter study suggested that alteration of the N-terminal Ser increases the activity of phyA.
To better define N-terminal sequences important for phyA activity, we previously created and analyzed a variety of N-terminal deletion mutants of oat phyA (Jordan et al., 1996) . We found that the 6-kD domain of oat phyA contains two regions involved in photoreceptor function. One region, located between amino acids 13 and 62, is necessary for correct apoprotein / chromophore interactions and biological activity; deletion of even a small portion of this region substantially reduced or eliminated the activity of the photoreceptor. The second region consists of seven residues near the N terminus (amino acids 6-12), five of which are Ser. Deletion of these seven residues resulted in a photoreceptor that made plants more sensitive to R and FR light than full-length oat phyA.
We further characterize N-terminal sequences of oat phyA involved in photoreceptor structure and function using a series of more refined deletion and Ala-scanning mutants. The data show that the 6-kD domain of phyA contains three regions important for function. The region between amino acids 19 and 62 that is responsible for the spectral integrity and conformational stability of Pfr can be resolved into two smaller regions (amino acids 25-33 and 50-62) that are both required for biological activity. A third region (amino acids 8-12), consisting of five adjacent Ser, is not required for chromophore f apoprotein interactions of Pfr, but may function in regulating phyA activity.
MATERIALS A N D METHODS

Construction of Deletion and Site-Directed Mutants
The construction of the phyA-deletion mutant NF (A6-12) was described previously in Jordan et al. (1996) . Deletions NG (A2-22), NH (A22-47), NI (A22-30), and NJ (A31-47) (see Fig. 1A ) were created using a reconstruction of the full-length oat (Avena sativa) PHYA gene designated pWTRE. It contains an altered 5'-coding sequence reengineered to include severa1 unique, translationally silent restriction sites to facilitate further modifications of the N-terminal amino acid sequence (Jordan et al., 1996) . To construct deletion NG (A2-22), the 54-bp double-stranded linker GATCCATTACTTGAGGCAGGCGATGTTAGCA-CAGACAACCCTTGATGCCGAGCT was cloned into pWTRE digested with BamHI and SacI. This linker contained a BamHI site at its 5' end, included the initiator Met codon of PHYA followed by codons 22 through 31, and ended with a 3' SacI site. Deletion NH (A2247) was produced by replacing the sequence between the XkoI and SpeI sites of pWTRE with the double-stranded oligonucleotide GCCAGAGTTCCCAAGCAAGAGATC, containing codons
TCGAGCAGGCCTGCTTCCAGTTCTTCCTCGCGAAACC-
3 through 21 and codon 48 of PHYA that were flanked by a 5' XkoI site and a 3' SpeI site.
Deletion NI (A22-30) was similarly constructed by replacing the sequence between the XkoI and SacI sites of pWTRE with the double-stranded oligonucleotide TCGA-GAGTTCCCAAGCAAGGCGAGCT containing codons 3 through 21 followed by codons 31 and 32, and began and ended with a XkoI and a SacI site, respectively. To construct deletion NJ (A3147), two overlapping oligonucleotides GCGAAACCGCCAGAGTTCC and GCTTCAACTAGTGC-CTCTGGCGGTTTCGCGAGG) were annealed and extended to produce a 90:bp double-stranded bridge containing the XkoI and SpeI sites of pWTRE-flanking codons 3 through 30 followed by codon 48. This XhoI1 SpeI-digested bridge was ligated into pWTRE digested with XkoI and SpeI.
To construct the Ala-scanning mutants NTSA (2-18), ASMl (25-33), ASM2 (3547), and ASM3 (50-62) (see Fig.   1 A), an oligonucleotide-based mutagenesis kit (Altered Sites, Promega) was used to change selected codons to those designating Ala. The mutagenic oligonucleotide sequences used were as follows: for NTSA (2-18), GAGG-CTGCTCGAAACCGCCAGGCTGCTCAAGCAAGGG; for GCTGCCGCTCTCGCTGCTGAATATG; for ASM2 (3547), GCCGCTGCCGCCGCCGCTCTAGTTGAAG; and for ASM3 CAGCTGTGGCGGCAGGGGCATCTGAGAAGG.
NTSA (2-18) encoded Ala in place of Ser-2, Ser-3, contained Ala in place of encoded Ala in place of contained Ala in place of . The sequences of a11 deletion and Ala-scanning mutants were verified by dideoxy chain-termination sequencing.
GCAGGCCTGCTTCCAGTTCTTCCTCGCGAAACCGCCA-(CGATGTCCTCGAGCAGGCCTGCTTCCAGTTCTTCCTC-
ATCAAGGGTTGTCTGTGCTAACACCCTTGCTTGGGAA-
CAGGCGATGGCTGCTGCTAGGCCTGCTGCTGCTGCTG-
ASMl(25-33), GCAAGGGTGTTAGCAGCTGCTGCCCTT-
GCCGAGCTCAATGCTGCTGCTGCTGCAGCTGGTGCC-
(50-62), CTCCAAACTAGTTGCAGCAGCTGCTGCTGGTG-
Plant Transformation and Growth Conditions
The mutated PHYA genes were inserted into the binary vector pBinl9 (Bevan, 1984) upstream of the PHYA 3'-untranslated region and expressed under the control of the cauliflower mosaic virus 35s promoter. The genes were then introduced into tobacco (Nicotiana tabacum, cv Xanthi) using Agrobacterium tumefaciens-mediated transformation with the A. tumefaciens strain LBA4404. Kanamycinresistant regenerated plants were screened via immunoblot analysis for expression of the various oat phyA mutants (see below). For the phenotypic analyses of mature tobacco plants, five independently transformed T1 lines each of NG (A2-22), NH (A2247), NI (A22-30), NJ (A3147), and ASM3 (50-62); four lines of NTSA (2-18) and ASMl (25-33); two lines of ASM2 (35-47); six lines of full-length oat phyA-expressing plants; and wild-type tobacco plants were grown simultaneously under natural diurna1 light cycles in a greenhouse. The height of each plant was measured from the base of the stem to the apex when flower primordia were first visible (60 d after sowing).
Progeny of plants used in the mature plant assay were screened for segregation of kanamycin resistance by germination on media containing 100 mg/L kanamycin. Resistant T2 seedlings were screened for oat phyA expression by immunoblot analysis using polyclonal antibodies raised against oat phyA (Shanklin et al., 1987) . For the hypocotyl assays, two to three independent, homozygous T2 lines expressing each mutant were sown on 100-mm plates containing 0.5X Murashige and Skoog media and 0.8% agar. Plates were stored in the dark at 4°C for 2 d and then placed at 25°C either in darkness or under various fluence rates of FRc or Rc light for 6 d. Fluence rate was controlled by covering the plates with varying numbers of sheets of white chromatography paper (3MM, Whatman). FR and R light sources and calibration of fluence rates were as described in Jordan et al. (1996) . Hypocotyl lengths (in millimeters) were measured after 6 d growth in FRc or Rc light. The hypocotyl growth experiments were performed at least twice for each line.
Phytochrome Extractions and Quantitation
For the phytochrome dose/ phenotypic response analysis of mature plants, phytochrome content was determined either spectrophotometrically or by ELIsA (Jordan et al., 1996) . Extracts were prepared from 10 g of green leaf tissue and concentrated by (NH,),SO, precipitation as described in Jordan et al. (1996) . Phytochrome was quantitated spectrophotometrically by measuring the A(AA730-AA665) of etiolated tissue extracts or the A(AA730-AA800) of green tissue extracts, the latter being multiplied by the conversion factor 2.18 to obtain A(AA730-AA665). Alternatively, phytochrome content was determined by sandwich ELISA as described in Cherry et al. (1993) . A polyclonal antibody raised against oat phyA was used as the capture antibody (20 pg mLpl; Shanklin et al., 1987 ) and a monoclonal antibody specific for oat phyA was used as the detection antibody (Oat-22, 10 pg mL-'; Cordonnier et al., 1984) . A dilution series of purified oat phytochrome was used as the standard (Vierstra and Quail, 1983) .
lmmunoblot Analyses
Immunoblots were performed on protein extracts separated by SDS-PAGE and electrophoretically transferred to PVDF membranes as described in Cherry et al. (1993) . Primary antibodies were either affinity-purified polyclonal antibodies raised against oat phytochrome (1 pg mL-l; Shanklin et al., 1987) or the monoclonal antibody Oat-22 (2 pg mL-'). Goat anti-rabbit or anti-mouse immunoglobulins conjugated to alkaline phosphatase (1 pg mLpl) were used as secondary antibodies.
Spectrophotometric Analyses and Dark Reversion
Phytochrome used for difference spectroscopy was partially purified from 6-d-old etiolated seedlings by (NH,),SO, precipitation and hydroxyapatite chromatography under a green safelight (Jordan et al., 1996) . Phytochrome samples were incubated with an affinity matrix consisting of Oat-22 antibody covalently attached to Affigel-10 beads (Bio-Rad). The matrix was prepared by mixing Oat-22, purified by Protein A chromatography, with the Affigel-10 beads at a concentration of 4 mg Oat-22 mL-' beads (Jordan et al., 1996) . Phytochrome extracts (approximately 0.1 A[AA] units of phytochrome mL-l) were gently mixed with 500 pL of Oat-22/ Affigel-10 beads for 1 h in the dark. The beads were washed three times with 1 mL of 100 mM Tris-HC1 (pH 7.8,4"C). The amount of bound phytochrome was determined indirectly by subtracting the amount of phytochrome remaining in the supernatant and washes from the amount of phytochrome added to the beads.
FR minus R light difference spectroscopy was performed on phytochrome immobilized to the Oat-22/ Affigel-10 matrix as described in Jordan et al. (1996) . Thermal reversion rates of Pfr to Pr were similarly determined using the R light minus FR light difference spectroscopy on immobilized phytochromes treated with 5 mM sodium dithionite.
Helical Hydrophobic Moment Analysis
The helical hydrophobic moments were derived from the equation:
where n is a particular residue in the amino acid sequence, N is the window over which the mean values of hydrophobicity are averaged, 6 is the distance between residues as they would be aligned in a helix (6 = 100" for an a-helix), and H is a hydrophobic value assigned to a residue n, based on the average free energy associated with transfer from a nonpolar to a polar solvent (Eisenberg et al., 1984; Finer-Moore and Stroud, 1984) . The average (pH) value for each residue was calculated from the above equation using the program PepPlot from the Genetics Computer Group (Madison, WI). Because the ( p H ) value used a window of 8 residues and a starting sequence 73 amino acids in length, the first 5 amino acids (1-5) and the last 5 amino acids (69-73) were not included in the evaluation.
RESULTS
Production of Tobacco Expressing Deletion and Ala-Scanning Mutants of Oat phyA
By a number of criteria, the N-terminal 6-kD domain is important not only for structural integrity but also for biological activity of phyA. Previously, we characterized transgenic tobacco expressing six deletion mutants of this domain (Jordan et al., 1996) . Analysis of the activity and spectrophotometric properties of these deletions indicated that the 6-kD domain contains at least two functional re- gions. The first region, located between amino acids 13 and 62, is necessary for Pfr conformational stability and spectral integrity and is essential for activity. Deletions lacking a11 or part of this region were less conformationally stable as Pfr in vitro and had their Pfr absorbance maxima shifted to shorter wavelengths, indicating that their Pfr structures were altered specifically. Moreover, these mutants were much less effective in inducing the light-exaggerated phenotype in tobacco plants than was full-length oat phyA. The second functional region, between amino acids 6 and 12, is not required for Pfr apoprotein/chromophore interactions, but appears to be involved in attenuating phyA activity. Seedlings expressing deletion NF (A6-12), which lacked this region, were 10 to 100 times more sensitive to R and FR light than those expressing equivalent amounts of full-length oat phyA.
To better define critica1 regions within the N-terminal 6-kD domain, we examined a series of more refined deletion and Ala-scanning mutants of oat phyA (Fig. 1A ). These mutations were designed to further map the previously identified functional regions, and to determine whether changes in activity were due to either substitutions of specific amino acids or to alterations in the spatial positioning of existing amino acids. Deletions NH (A2247), NI (A22-30), and NJ (A3147) were missing a11 or part of the previously identified N-terminal region required for eliciting the light-exaggerated response in mature tobacco (Jordan et al., 1996) . Deletion NH (A2247) lacked a11 26 amino acids in this region, whereas deletions NI (A22-30) and NJ (113147) were missing the first 9 and last 17 amino acids, respectively. Deletion NG (A2-22) lacked the entire Ser-rich region plus four additional residues (Gln-19, Ala-20, Arg- Figure 1 . A, Diagram of the various deletion and Ala-scanning mutants of oat phyA. All mutants were derived from an oat PHYA gene that was modified to contain severa1 silent restriction sites within the coding region for the first 70 amino acids (Jordan et al., 1996) . The amino acid sequences shown for the deletion mutants represent residues that were removed. Residues underscored by the black symbols in the description of the Ala-scanning mutants indicate amino acids that were changed to alanines. Deletion NF (A6-12) was described in Jordan et al. (1996) . €3, lmmunoblot detection of the various deletion and Ala-scanning mutants of oat phyA expressed in tobacco seedlings. Equal aliquots of crude extracts from 6-d-old etiolated seedlings were subjected to SDS-PAGE and immunoblotted using Oat-22 antibody. WT, Wild-type seedlings; FL, seedlings expressing full-length oat phyA. (Fig.  1A) .
The Ala-scanning mutants were produced by changing groups of conserved and/ or charged residues to Ala (Zoller, 1991) . For the mutants ASMl (25-33), ASM2 (35-47), and ASM3 (50-62), we altered residues (mostly hydrophilic) between amino acids 25 and 62 that are conserved among known phyAs (Fig. 1A) . The NTSA (2-18) mutant resembled the S/A mutant of rice phyA (Stockhaus et al., 1992) , in that a11 10 Ser within the first 20 amino acids of oat phyA were changed to Ala. Because five of the seven residues removed in hyperactive deletion NF (A6-12) were Ser, we designed NTSA (2-18) to test if the Ser in particular were responsible for the hyperactive phenotype induced by the NF (A6-12) deletion (Jordan et al., 1996) .
The coding regions of each mutant were fused to the cauliflower mosaic virus 35s promoter and introduced into tobacco. Regenerated plants expressing the mutant phyAs were identified by immunoblot analysis of green leaf extracts using monoclonal antibody Oat-22, which is specific for oat phyA (Cordonnier et al., 1984) . The immunoblot in Figure 1B shows that the mutant phyAs migrated during SDS-PAGE with apparent molecular masses similar to those predicted from polypeptide composition. Full-length oat phyA migrated with an apparent mass of 124 kD. Deletions NG (112-22) and NH (A2247) migrated at 121 kD, deletion NI (A22-30) at 123 kD, deletion NJ (A3147) at 122 kD, and Ala-scanning mutants NTSA (2-18), ASMl (25-33), ASM2 (3547), and ASM3 (50-62) at 124 kD. In transgenic lines selected for further analyses, the mutant phyAs were a11 ex'pressed to similar levels, which allowed for direct comparison of their in vivo activities. Because the deletion and Ala-scanning mutants affected the two putative functional regions of the 6-kD domain, either by remova1 or alteration of existing amino acids, we predicted that three types of mutants would emerge: inactive or partially active phyAs, phyAs with normal activity, or hyperactive phyAs. As a first step to determine the activity of the various mutants, we examined the relationship between the amount of phytochrome expressed in mature plants and the degree of light responsiveness as assayed by plant height. Representative lines expressing each of the mutant phyAs were grown simultaneously under natural, diurna1 light conditions in a greenhouse alongside wild-type tobacco plants and Vthose expressing full-length oat phyA. When flower primordia first appeared (60 d after sowing), we measured plant height and harvested green leaf tissue from each plant. Phytochrome was partially purified from this tissue and assayed in two ways: spectrophotometrically by measuring A(AA730-AAso0) following R and FR irradiation, and immunologically by sandwich ELISA using Oat-22. The first assay detected a11 photoreversible phytochromes, whereas the second assay detected only oat phyA. The height of each plant was then plotted relative to its phytochrome content determined by either assay.
As observed previously, tobacco plants were highly sensitive to phytochrome content, as reflected by a nonlinear dose/ response relationship that was saturated at low levels of active phyA ( Fig. 2 ; Cherry et al., 1991 (Fig. 2, A and B, right panels). This indicated that the dwarf response was elicited by increased levels of photoreversible oat phyA, and not by elevated levels of tobacco phytochromes. Compared with full-length oat phyA, none of the deletions examined in this study displayed full biological activity in mature plants ( Fig. 2A) . Deletions NG (A2-22) and NJ (A3147) were partially active; NG (A2-22) and NJ (A31-47) plants, which contained levels of phytochrome greater than twice those of wild-type tobacco plants, were shorter than the nontransformed plants but never as short as fulllength oat phyA plants. Deletions NH (A22-47) and NI (A22-30) were completely inactive. Despite accumulating levels of spectrophotometrically active photoreceptor up to 4-fold higher than that sufficient for intact phyA to induce the light-exaggerated phenotype, NH (A2247) and NI (A22-30) plants grew to similar heights as wildtype tobacco.
The activities of the Ala-scanning mutants NTSA (2-18), ASMl (25-33), ASM2 (3547), and ASM3 (50-62) were assayed in a similar fashion (Fig. 2B Plant Physiol. Vol. 115, 1997 and ASMS (50-62) were biologically inactive; mature plants containing elevated levels of these phytochromes were similar in height to wild-type tobacco plants. Although the levels of spectrophotometrically detectable phyA in the ASMS (50-62) plants appeared low (Fig. 2B , left panels), subsequent biochemical analysis showed that mutant ASMS (50-62) efficiently bound chromophore and was fully photoreversible (Fig. 6B and data not shown) . Unlike mutants ASM1 (25-33) and ASMS (50-62), mutants NTSA (2-18) and ASM2 (35^7) were active in mature plants, in that plants expressing these mutants were as short as full-length oat phyA plants.
Phenotypic Analysis of Seedlings Expressing phyA Mutants
In seedlings phyA mediates the light-dependent inhibition of hypocotyl elongation, especially in FR lightenriched environments (Smith, 1995) . To further define the biological activity of the deletion and Ala-scanning mutants, we measured the hypocotyl lengths of seedlings expressing these mutant phyAs grown under either FRc or Re light. For the assay, we generated T2 lines homozygous for each deletion, as identified by their failure to segregate for both kanamycin resistance and oat phyA expression (data not shown) and used those lines that expressed equivalent levels of immunodetectable phyA protein (Fig.  3, A and B, upper panels) .
Consistent with previous results (Stockhaus et al., 1992; Boylan et al., 1994; Jordan et al., 1996) , expression of fulllength oat phyA substantially reduced hypocotyl elongation in seedlings grown under continuous light. Six-dayold full-length oat phyA seedlings were approximately 2.5-and 2-fold shorter than wild-type tobacco seedlings when grown under FRc light (0.15 jumol m~2 s" 1 ; Fig. 3A ) and Re light (0.04 jumol m~2 s' 1 ; Fig. 3B ), respectively. When the phyA mutants were assayed under identical fluence rates of FRc and Re light, they induced hypocotyl growth responses characteristic of either inactive, active, or hyperactive photoreceptors (Fig. 3) . The mutant phyAs that were inactive in mature plants, NH (A22-47), NI (A22-30), ASM1 (25-33), and ASMS (50-62), were also inactive in seedlings irradiated with either FRc or Re light; these seedlings were as tall as wild-type tobacco seedlings. The Ala-scanning mutant ASM2 (35^7), which was as active as the fulllength oat phyA in mature plants, was also active in seedlings; ASM2 (35-47) seedlings were as short as full-length oat phyA seedlings.
In contrast to being partially active in mature plants, deletions NG (A2-22) and NJ (A31^47) were not active in seedlings grown under low fluence rates of FRc or Re light. Both NG (A2-22) and NJ (A31-47) seedlings were as tall as wild-type tobacco seedlings under these light conditions (Fig. 3) . It was interesting that the Ala-scanning mutant NTSA (2-18), which had activity in mature plants comparable to that of full-length oat phyA, appeared to be more effective than full-length oat phyA in seedlings. NTSA (2-18) seedlings were approximately 2-fold shorter than full-length oat phyA seedlings under FRc or Re light, suggesting that replacement of the 10 N-terminal Ser with Ala created a hyperactive photoreceptor. To more accurately compare the biological activity of the phyA mutants, we measured their hypocotyl growth responses over a range of FRc and Re light fluence rates (Fig. 4) . NH (A22-47), NI (A22-30), NJ (A31-47), ASM1 (25-33), and ASMS (50-62) seedlings resembled wild-type tobacco seedlings over a 1000-fold range of FRc or Re light fluence rates, indicating that these mutant phyAs had no measurable activity in seedlings. NG (A2-22) seedlings resembled wild-type tobacco seedlings under low fluence rates of FRc light, but resembled full-length oat phyA seedlings under the highest fluence rate of FRc light tested (14.3 jumol m~2 s^1). Under all Re light fluence rates, NG (A2-22) seedlings were slightly shorter than wild-type tobacco seedlings (Fig. 4) . These data suggest that deletion 
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NG (h2-22) retained some activity under Rc light and high fluence rates of FRc light. ASM2 (35-47) seedlings were the same height as full-length oat phyA seedlings under a11 fluence rates tested, indicating that the ASM2 (35-47) chromoprotein was active. In contrast, NTSA (2-18) seedlings were shorter than full-length oat phyA seedlings under a11 fluence rates of FRc light and a11 but the highest fluence rates of Rc light, consistent with a hyperactive behavior. Like NF (A6-12) seedlings (Jordan et al., 1996) , NTSA seedlings were shorter as the Rc light fluence rates decreased.
Functional Comparison of Ala-Scanning Mutant NTSA (2-18) and Deletion NF (A6-12)
The hypersensitive phenotype can be elicited by expression of deletion (NF [A6-12]) or Ala-scanning (NTSA [2-181) mutants of the Ser-rich region (Jordan et al., 1996 ; this report). To determine if these mutations were equally effective in increasing light sensitivity beyond the activity of full-length oat phyA, we simultaneously compared the hypocotyl growth responses of the wild-type tobacco, fulllength oat phyA, NF (A6-12), and NTSA (2-18) seedlings over a range of FRc or Rc light fluence rates (Fig. 5) . We examined three homozygous lines of NTSA (2-18), NTSA21, NTSA25, and NTSA36, which expressed levels of phyA similar to those of the chosen full-length oat phyA and NF (116-12) lines. Line NTSA36 accumulated phyA levels equivalent to those of NF (A6-12) and full-length oat phyA seedlings (Fig. 5, A and B, upper panels) . Lines NTSA21 and NTSA25 expressed approximately 1.3-and 2-fold less phyA than NTSA36, respectively. As can be seen in Figure 5 , the NTSA36 and NTSA21 seedlings grew to similar heights as NF (A6-12) seedlings under a11 fluence rates of FRc and Rc light tested. Seedlings from line NTSA25 were intermediate in height compared with those from the NF (A6-12) and full-length oat phyA lines. Although the NTSA25 seedlings were taller than NF (A6-12), NTSA36, and NTSA21 seedlings, they were still shorter than full-length oat phyA seedlings under a11 but the highest fluence rates of Rc light examined, suggesting that the intermediate leve1 of hyperactivity for line NTSA25 resulted from lower chromoprotein levels. A11 four mutants showed a greater repression of growth as the Rc light fluence rates decreased. Based on their similar hyperactive light responses, we concluded that the phyA mutants NTSA (2-18) and NF (A6-12) were equally active on a per molecule basis.
Spectrophotometric Characteristics of the phyA Mutants
As described in Jordan et al. (1996) , the N-terminal region between amino acids 13 and 62 of oat phyA is important for both appropriate light absorption and stability of the Pfr form. By examining the spectral integrity and conformational stability of the deletion and Alascanning mutants, we further defined the domains important for these functions. One way to detect subtle changes in apoproteinf chromophore interactions is by analysis of phytochrome difference spectra following R and FR irradiation. The FR minus R light difference spectrum of full-length oat phyA has a R light maximum at 666 nm (86% Pr), and a FR light minimum at 730 nm (exclusively Pfr). Cherry et al. (1992) showed previously that a mutant (Jordan et al., 1996) . As a11 three deletions had impaired biological activity, their spectral integrity and function may be connected.
Prior to spectrophotometric analysis of the deletion and Ala-scanning mutants, we partially purified them using an immunoaffinity technique that separates oat phyA from tobacco phytochromes (Jordan et al., 1996) . The technique involved immunoadsorption of oat phyA to Affigel-10 beads containing covalently bound Oat-22 antibody. After washing the beads to remove most tobacco proteins, the immobilized phyAs were used directly in the spectrophotometric assays. Figure 6 shows the difference spectra of the phyA mutants using the immunoaffinity procedure. Like full-length oat phyA, mutants NG (A2-22) (Fig. 6A ) and ASM2 (3547) and NTSA (2-18) (Fig. 6B ) had maxima and minima at 666 nm and 730 nm, respectively, indicating that their respective lesions did not affect regions important for the spectral integrity of Pr or Pfr. Mutants NH (A2247), NI (1122-30), and NJ (83147) (Fig. 6A) , and ASMl (25-33) and ASM3 (50-62) (Fig. 6B ) had R light maxima at 666 nm, but unlike full-length oat phyA, they had FR light minima shifted to 728 nm. The alterations in FR light minima but not R light maxima of these mutants indicate alterations specifically in Pfr absorbance.
As another way to assess the conformational stability of the mutagenized phytochromes, we examined the rate of in vitro thermal reversion of Pfr back to Pr in the absence of light (dark reversion). The Pfr form of full-length oat phyA does not readily dark-revert, even in the presence of the reductant sodium dithionite (Fig. 7) . In contrast, phyAs lacking the first 70 amino acids readily dark-reverted after treatment with sodium dithionite, with as much as 35% Pfr reverting to Pr after 2 h (Jordan et al., 1996) . Figure 7 shows the thermal Pfr reversion rates of the immobilized deletion and Ala-scanning mutants, which were treated similarly. Of the mutant phyAs, only NTSA (2-18) was as stable as full-length oat phyA, with only 5% of Pfr dark-reverting to Pr after 2 h. The other mutants, NG (A2-22), NH (A22-47), and ASM3 (50-62), showed various degrees of Pfr instability, with between 10 and 40% of Pfr dark-reverting after 2 h. This indicates that the region between amino acids 19 and 62 may play a role in maintaining the conformational stability of Pfr, but that the N-terminal Ser are not required. The results discussed here define three regions within the 6-kD domain of oat phyA involved in function through biological and biochemical characterizations of a series of deletion and Ala-scanning mutants within this region (Fig.  8) . The biological efficacy of each mutant phyA was measured by its ability to elicit the light-exaggerated pheno- (Fig. 8) and are necessary for biological activity. These regions were resolved by the success of Ala-scanning mutant ASM2 (35-47), and the failure of mutants ASMl (25-33) and ASM3 (50-62) to elicit light-exaggerated responses in mature plants grown under white light or in seedlings irradiated with FRc or Rc light. The two regions necessary for biological activity lie within a larger region identified by deletion mapping between amino acids 19 and 62, which is essential for correct Pfr apoprotein/ chromophore interactions. Mutants that affected this larger region, including deletions NG (A2-22), NH (A2247), NI (A22-30), and NJ (A3147), were less conformationally stable than Pfr and had altered Pfr absorbance spectra.
The third functional region within the 6-kD domain, consisting of five Ser between amino acids 8 and 12, was located by characterizing deletion NF (A6-12) and the Alascanning mutant NTSA (2-18) (Jordan et al., 1996; this report) . This region is not necessary for chromophore/ apoprotein interactions, but does affect phyA function. Seedlings expressing mutants NF (A6-12) and NTSA (2-18) were more sensitive to FRc and Rc light than seedlings expressing equivalent amounts of full-length oat phyA. Because both the Ala-scanning mutant NTSA (2-18) and deletion NF (A6-12) were equally effective at eliciting hyperactive responses in seedlings grown under low fluence rates of light (Fig. 5) , the residues altered in common, Ser-8 to Ser-12, were likely to be responsible for this hyperactivity (Fig. 8) . Stockhaus et al. (1992) found a similar hypersensitive effect in a rice phyA mutant containing Ala in place of the 10 N-terminal Ser (S/A). Together, these results suggest that the Ser-rich region (especially Ser-8 to Ser-12) functions to attenuate phytochrome activity, such that its removal or alteration creates a hyperactive photoreceptor.
Roles of the 6-kD Domain in Pfr Structure and Function
Amino acids 25 to 33 and 50 to 62 may be important for chromoprotein structure for severa1 reasons. These regions may play indirect or direct roles in phytochrome function by maintaining the appropriate conformation of the Pfr chromophore and or polypeptide to allow other parts of the photoreceptor to initiate signaling. For example, alterations within these domains may prevent the entire 6-kD domain from folding into its correct conformation, thus precluding an adjacent "response" domain from transducing the light signal. Alternatively, these two functional regions may interact with other molecules to initiate lightmediated signaling events directly. The involvement of the 6-kD domain in signal transduction is supported by the observation that FRc light-grown Arabidopsis seedlings expressing an N-terminal deletion of oat phyA missing the first 52 amino acids (AN52) were taller than wild-type tobacco seedlings (Boylan et al., 1994) . This dominant negative phenotype suggests that the 6-kD domain may be necessary for productive interactions with downstream signaling molecules.
CD-spectra analyses of phyA showed that as Pr, the 6-kD domain is mostly randomly coiled and loosely associated with the chromophore, but as Pfr, assumes an a-helical structure positioned close to the chromophore (Furuya and Song, 1994) . Based on these and additional biophysical data and sequence-based modeling studies, Parker et al. (1991) proposed that the 6-kD domain forms amphiphilic ahelices in Pfr, which contain hydrophilic faces that interact with the solvent and hydrophobic faces that interact with the chromophore. Furthermore, they proposed that one or more of these amphiphilic a-helices are essential for the Eisenberg et al., 1982) , amino acids 16 to 75 (for oat phyA) were calculated to have the highest probability of forming these amphiphilic structures (Parker et al., 1991) . Given the possibility that amphiphilic structures in the 6-kD domain are essential for biological activity, we compared the (pH) values of the first 70 amino acids of intact (Jordan et al., 1996 ; this report). The shaded box indicates the Ser-rich region involved in regulating ..
oat phyA with those of the Ala-scanning mutants ASMl (25-33), ASM2 (35-47), and ASM3 (50-62). The data suggest that phyA activity is not linked to the probability of amino acids 25 to 62 forming amphiphilic structures.
As shown in Figure 9 , amino acids 16 to 49 and 60 to 68 of full-length oat phyA had the highest probabilities to form amphiphillic structures, with average (pH) values of 0.39 and 0.51, respectively. The Ser-rich region between amino acids 5 and 15 had lower (& values (average (pH) = 0.03), as did the region between amino acids 50 and 59 (average (pH) = 0.20). The (pH) values of mutants ASMl (25-33) and ASM3 (50-62) were very similar to those of the full-length oat phyA, with average (pH) values of 0.37 between amino acids 16 and 49. This predicted that both Ala-scanning mutants had similar capacities for forming amphiphilic structures, even though they were both biologically inactive. In contrast, the (pH) values for active mutant ASM2 (35-47) were greatly reduced between amino acids 16 and 49 (average (pH) = 0.13). The ASM2 (3547) mutation altered the (pH) profile of most of the 6-kD domain, even though the amino acid substitutions were limited to residues 35 to 47. The lower (pH) values indicated that a-helices formed by the 6-kD domain of mutant ASM2 (35-47) are potentially less amphiphilic than those of intact phyA, even though both photoreceptors were equally active. Therefore, the predicted amphiphilic structures formed by amino acids 35 to 47 may not be necessary for photoreceptor activity.
Potential Roles of the Ser-Rich Domain in DownRegulating phyA Activity
In contrast to the region between amino acids 19 to 62, the Ser-rich domain (amino acids 8-12) is not required for the structural integrity of Pfr. However, this region does appear to be involved in down-regulating phyA activity. It is likely that this regulation is biologically meaningful, considering the high conservation of the Ser-rich tract in all known phyAs (Mathews et al., 1995) . For example, it could provide a way to rapidly control the number of active photoreceptors available to initiate signaling events, thus improving the response of plants to fluctuating light envi-
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:o lu phyA activity. The hatched boxes represent the two regions necessary for biological activity, located within a larger region necessary for maintaining the spectral integrity and conformational stability of Pfr. ronments. In the dark, the phytochrome pool of newly germinated seedlings is predominantly phyA in the inactive Pr form. Immediately upon irradiation, most of these photoreceptors could convert to the biologically active Pfr form. If activity is not attenuated, plants could overrespond to light by eliciting too many photomorphogenic signaling events and / or become desensitized to subsequent changes in light quality or quantity. Although degradation of Pfr is one important route to remove active photoreceptors from the cell (Vierstra, 1994) , it may not be rapid enough in a changing light environment, necessitating other methods of posttranslational regulation.
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How might the Ser-rich region regulate phyA function? This region could help modulate the number of photoreceptors available to initiate signaling by controlling the turnover rate of Pfr. This mechanism is not likely the predominant means of control, as the deletion NF (A6-12) appears to be degraded at a similar rate as full-length oat phyA (data not shown). However, because this turnover rate reflected that of the total NF (A6-12) pool, it does not rule out the possibility that a subpopulation of active NF (A6-12) photoreceptors are less rapidly degraded. Alternatively, the pool size of active photoreceptors could be controlled by the rapid aggregation or compartmentalization of phyA. In fact, phyA is known to aggregate after photoconversion to Pfr in many plant species (Pratt, 1994) . Such changes in solubility or localization could provide a way to quickly reduce the pool of free Pfr available for signal transduction. Mutant phyAs that do not aggregate or compartmentalize as rapidly as full-length oat phyA would thus be more effective.
A third way the Ser-rich domain could regulate phyA function is by controlling the specific activity of individual phytochrome molecules. This type of regulation could occur either by interactions with inhibitors or by a posttranslational modification that interferes with function. Phosphorylation of the N-terminal Ser is one attractive possibility. In support, phytochromes are phosphoproteins in vivo, with at least one phosphorylation site mapped to the Ser-rich region adjacent to the N terminus (Quail et al., 1978; Hunt and Pratt, 1980; McMichael, 1991) . Phosphorylation at this site could reduce the rate of Pfr signaling or promote the association of phyA with inhibitors. Therefore, phyA mutants in which the Ser-rich region has been removed or replaced, e.g. NF (A6-12) and NTSA (2-18), may retain activity compared with intact phyA because they are poorly phosphorylated.
It is also possible that severa1 of the above-mentioned mechanisms function concurrently. For instance, lightdependent phosphorylation of the Ser-rich region may enhance the degradation of active photoreceptors. This type of regulation has been seen for IKB-a, a mammalian regulatory protein that controls the cytoplasmic localization of the transcription factor NF-KB (Alkalay et al., 1995) . Signal-induced phosphorylation of IKB-cu triggers its rapid degradation by the ubiquitin-degradation system, thus allowing NF-KB to enter the nucleus. Alternatively, phosphorylated phyA may interact specifically with inhibitors. A paradigm for this mechanism is seen with the interaction of the mammalian photoreceptor rhodopsin with the inhibitor arrestin (Yarfitz and Hurley, 1994) . Light activation of rhodopsin increases its affinity for the heterotrimeric G-protein transducin, the next member of a light-signaling cascade. However, light also triggers phosphorylation of the photoreceptor by rhodopsin kinase, which increases the affinity of rhodopsin for arrestin. The rhodopsin / arrestin complex is inactive, thus effectively limiting the ability of the photoreceptor to trigger further light-mediated signaling.
Taken together, the biological and biochemical behavior of the phyA deletion and Ala-scanning mutants further illustrate the importance of the N-terminal6-kD domain of phyA in structure and function. In addition to its role in maintaining the chromoprotein structure needed for initiating signal transduction, the 6-kD domain also appears to be involved in the posttranslational control of photoreceptor activity, potentially by a mechanism involving Ser phosphorylation. A better understanding of the phosphorylation states of the Ser-rich region in vivo will be essential for elucidating this mechanism of phyA regulation.
